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Abstract

Background Cerebral blood flow (CBF) measurements
are helpful in managing patients with traumatic brain injury
(TBI), and testing the cerebrovascular reactivity to CO,
provides information about injury severity and outcome.
The complexity and potential hazard of performing CBF
measurements limits routine clinical use. An alternative
approach is to measure the CBF velocity using bedside,
non-invasive, and transcranial Doppler (TCD) sonography.
This study was performed to investigate if TCD is a useful
alternative to CBF in patients with severe TBI.

Method CBF and TCD flow velocity measurements and
cerebrovascular reactivity to hypocapnia were simulta-
neously evaluated in 27 patients with acute TBIL
Measurements were performed preoperatively during con-
trolled normocapnia and hypocapnia in patients scheduled
for hematoma evacuation under general anesthesia.

Main Finding and Conclusion Although the lack of sta-
tistical correlation between the calculated reactivity
indices, there was a significant decrease in TCD-mean flow
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velocity and a decrease in CBF with hypocapnia. CBF and
TCD do not seem to be directly interchangeable in deter-
mining CO,-reactivity in TBI, despite both methods
demonstrating deviation in the same direction during
hypocapnia. TCD and CBF measurements both provide
useful information on cerebrovascular events which,
although not interchangeable, may complement each other
in clinical scenarios.

Keywords Brain trauma - CO, reactivity -
Traumatic brain injury - Cerebral blood flow (CBF) -
Transcranial Doppler sonography (TCD)

Introduction

The cerebral circulation can be compared to a finely tuned
instrument, with the primary function of dynamically
meeting the ever-changing metabolic demand of the brain.
This delicate mechanism is thought to be based on small
changes in the milieu surrounding the arteries. The
increased metabolism of the brain cells increases the CO,
concentration and thereby reduces the peri-vascular pH
resulting in the relaxation of the cerebral vessels [1, 2].
This is the most potent physiological property modulating
the tone of the brain vessels and can be measured as the
CO; reactivity by evaluating the cerebral blood flow (CBF)
at different arterial pCO, levels. Changing the pCO, in the
arterial system creates uniform changes in the flow
throughout the brain [3]. Normally, the change in CBF due
to changes in pCO, is 1-2 ml/100 g brain/mmHg change
in mm Hg pCO,, depending on the CBF technique used [3].
In traumatic brain injured (TBI) patients, the global CBF
varies with time and a 3D-CBF often shows a scattered
perfusion. There are many vasoactive substances that could
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be responsible for this reaction. One theory behind this
scattered perfusion refers to differences in lactate produc-
tion in different areas of the brain with high lactate
production, and thereby a lower pH, in damaged areas [4].
In addition, the arterial reactivity in brain damaged areas
will be reduced, and a reduced CO, reactivity therefore
correlates to the extent of damaged tissue and thereby to
the severity of the brain injury and outcome [5—7]. Over the
years, a number of techniques have been utilized to mea-
sure CBF. The measurement of cerebral venous outflow
can include heat clearance techniques in blood vessels and
in brain tissue, hydrogen clearance, angiography, ultraso-
nography, diffusible and nondiffusible tracer-based
measurements of cerebral flow, laser Doppler, positron
emission tomography (PET), single photon computerized
tomography (SPECT), magnetic resonance imaging (MRI),
and computerized tomography (CT).

All CBF techniques are more or less invasive, involving
advanced equipment and techniques in addition to the fact
that these techniques are relatively inconvenient in acute
TBI. It would therefore ease the evaluation of CO, reac-
tivity if measurement of the CBF velocity by transcranial
Doppler (TCD) in large cerebral arteries could provide the
same information [8]. Previous reports of the TCD tech-
nique has demonstrated that, in healthy subjects, blood
flow velocity in the large intracranial arteries is directly
related to the CO,-concentrations in the blood, reflecting
global cerebral vasoconstriction and relaxation. [9]. How-
ever, this correlation is not found in patients with brain
pathology, such as after subarachnoid hemorrhage [10],
making it important to investigate the CBF-TCD correla-
tion after traumatic brain injury. The present study was
performed in acute severe TBI patients to evaluate if TCD
measurements reflect cerebral vascular reactivity, mea-
sured by conventional CBF, in controlled hyperventilation.

Materials and Methods

27 Patients (36 = 17 (mean = SD) years, range 18-
68 years,) suffering acute severe TBI (GCS 5.4 + 1.4,
range 3-8 on admission) were studied. Fifteen of the 27
patients had mass lesions and twelve were without. The
study was approved by the local ethical committee.

Protocol

All the patients were admitted to surgery for evacuation of
intracranial hemorrhage. Prior to the study, a ventricular
catheter was placed in the ventricular system for intracra-
nial pressure (ICP) monitoring. The CBF and TCD
response to controlled hyperventilation was determined
after induction of anesthesia, but prior to craniotomy. The

measurements were performed bilaterally when possible.
Anesthesia was induced with fentanyl (3—4 pg/kg of body
weight), pancuronium (0.03 mg/kg of body weight) fol-
lowed by a sleeping dose of thiopental (4—5 mg/kg of body
weight), and suxamethonium (0.8-1.0 mg/kg of body
weight) to facilitate the tracheal intubation. All patients
were intubated and mechanically ventilated with a venti-
lator (Servo 900, Siemens Elema, Stockholm, Sweden)
delivering a gas mixture containing 65 % nitrous oxide in
oxygen. Ventilation was adjusted to maintain pCO, at
normocapnic levels. Simultaneous measurements of CBF
and TCD were performed during controlled normoventi-
lation, 20 min after induction of anesthesia, when the
anesthetic depth had reached a steady state. Following a
25 % increase of the minute volume, aiming at a ~ 1.0 kPa
(7.6 mmHg) reduction in pCO,, the measurements were
repeated after 20 min of steady state. Arterial blood pres-
sure, electrocardiogram, end-tidal CO,-concentrations, and
rectal temperature were continuously monitored. Arterial
blood sampled 2 min after the start of each measurement
was analyzed for blood gases and corrected for deviations
in body temperature.

CBF Measurements

Mean hemispheric CBF was determined after intravenous
administration of approximately 0.5 Gbq of '**Xe. The
tracer substance was dissolved in normal saline and
injected into a cubital vein as a bolus followed by a rapid
injection of normal saline. Clearance of the tracer was
monitored bilaterally by one extracranial scintillation
detector at the parieto-temporal region over the middle
cerebral artery (MCA) territory. A Novo Cerebrograph 10a
(Simonsen Medical A/S, Randers, Denmark) was used for
data collection with a sampling time of 11 min and sub-
sequent flow calculation. The CBF was calculated as the
initial slope index (ISI) from the early segment of the
clearance curves by conventional bicompartmental analysis
and a delayed start fit time [11, 12]. The ISI was chosen as
it represents the blood flow of all tissue recorded, but is
highly dominated by the gray matter blood flow with very
little influence from extracerebral components [13]. The
calculated CBF values, corrected for background and
remaining '**xenon activity, were presented on a computer
printout after each measurement. The validity and repro-
ducibility of the CBF measurements with the Novo
Cerebrograph have been previously reported [14].

TCD Measurements
TCD was performed with a transcranial 2 MHz pulsed

Doppler instrument (EME TC2-64, Eden Medical Elec-
tronics, Uberlingen, Germany). The TCD recordings were
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performed simultaneously with the early portion of the
CBF measurement. Insonation through the temporal bone,
above the zygomatic arch, was performed to examine the
main trunk of the middle cerebral artery (MCA) at a depth
of 50-60 mm. The flow velocities are given as a mean flow
velocity (mFV) for each MCA. The normal range for mFV
in MCA with this equipment is 62 £ 12 cm/s.

Calculation and Statistical Analysis

The response to hypocapnia of both CBF and TCD mFV is
expressed as a reactivity index to relate changes in CBF
and TCD to hypocapnia. Reactivity index for CBF is
expressed as % change in CBF (ISI)/unit change pCO,
(kPa) and for TCD as % change in mFV (cm/s)/unit change
pCO, (kPa). The correlation between % change in CBF and
mFV was tested with repeated measurement ANOVA. The
correlation between the CBF CO, reactivity and the mFV
CO, reactivity is tested with Rank Kendall correlation test.

Results

Physiological values are presented in Table 1. Apart from
the intended difference in PaCO, (0.7 range 0.2-1.5 kPa)
and pH between the normo and hypocapnic groups, there
were no statistical significant disparity between hemoglo-
bin (Hb), temperature (Temp), and mean arterial blood
pressure (MAPB).

Mean CBF (ISI) changed nonsignificantly from 32 + 11
(range 53-14) during normocapnia to 30 + 10 (range 57-11)
during hypocapnia (t = 1.23, p = 0.23) with a CO, response
of approximately 2.3 ISI/kPa (0.3 ISI/mmHg). Controlled
hyperventilation was accompanied by significant decreases
in the TCD readings in the MCA on both sides, dx: 52 +
17-45 £ 15 (t = 3.6; p < 0.002), sin: 49 4+ 1943 + 17
(t =2.1; p=0.05).There was a significant correlation
(R* = 0.1191) between the CBF and MCA mFV in the entire
material (Fig. 1).

Table 1 Physiological values during normo and hypocapnia

Physiological values Normocapnia Hypocapnia
PaCO, (kPa) 42 £05 35+£05
PaCO, (mmHg) 315+ 38 263 £ 3.8
PaO, (kPa) 213+ 24 19.7 £ 2.2
PaO, (mmHg) 160.0 £+ 18.0 148 £ 16.5
Ph 74 £0.02 7.5 £0.01
Hb (g/1) 129.5 £ 4.1 128.9 £ 4.0
Temperature (°C) 36.9 £ 0.1 36.8 £ 0.1
MABP (mmHg) 88 £ 14 90 + 14

Measuring units are given in brackets (n = 27)
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Fig. 1 The correlation between mFV in the MCA and CBF
(R* =0.1191) (n = 52)
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Fig. 2 The correlation between the change in CBF and the concom-
itant change in mFV in the MCA when the ventilation was changed
from normocapnia to hypocapnia (F = 4.82; p < 0.05; R* = 0.26)
(n = 15)

Changing the ventilation from normocapnia to hypo-
capnia changed the ICP significantly (r = 3.70; p = 0.001)
from 20 &+ 11 to 14 £+ 8 and the MABP nonsignificantly
from 88 £+ 14 to 90 + 14 (r = 1.47; p = 0.15) resulting in
a significant change (r = —4.02; p < 0.0005) in cerebral
perfusion pressure (CPP = MAP — ICP) from 68 + 21 to
76 £ 18. This change in CPP correlated to the CBF
(F=171; p=0.014) with a correlation coefficient
R* =024

On the left side, a significant correlation between the
absolute CBF and the mFV was found at normocapnia for
the MCA (F = 4.97; p < 0.05), but not during hypocap-
nia. However, there was a significant mFV correlation
(F=4.82; p < 0.05; R? = 0.26) to the CBF change
between normo and hypocapnia (Fig. 2). A near significant
correlation to the CBF (F = 3.78; P = 0.08) was found for
the ICA mFV at the same side, at rest.
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Fig. 3 The correlation between percent change in flow velocity %
per change in CO, and percent change in CBF per change in CO,
(F=0.05;p=0.82) (n=21)

No correlation was found between the % change in
CBF/unit change pCO, and %change in mFV/unit change
pCO, (F = 0.05; p = 0.82) (Fig. 3).

Discussion

The TCD technique is a noninvasive, nonradioactive, and
technically simple method for determination of CBF
velocities [8]. Flow velocity is measured in the large cen-
tral arteries, mainly the medial cerebral artery (MCA), the
anterior cerebral artery (ACA), or the posterior cerebral
artery (PCA). If the blood flow is altered with an unchan-
ged tone in these large arteries (i.e., by only changing the
tone in the peripheral resistance arteries), there should be a
direct positive correlation between the flow velocity in the
central arteries and CBF. This direct correlation will be
altered if the same changes are simultaneously taking place
in both the central arteries as well as in the peripheral
resistance arteries. If the change in arterial tone is only
taking place in the central arteries, there should be a direct
negative correlation between CBF and TCD FV readings.
This relationship between the flow and flow velocity is
described by Giller et al. [15] in the formula FV = CBF/
vessel diameter in the insonated artery. Assumption about
the change in one factor will therefore only hold if the
other remains constant. Nevertheless, the simplicity and
lack of invasiveness of the TCD technique warrants an
evaluation to determine if it can replace the considerably
more inconvenient CBF to evaluate the cerebral circulation
and the CO, response. In this study, the change from normo
to hypocapnia significantly decreased the ICP and non-
significantly decreased the CBF. The absolute change in
mean CBF was small with a CO, response of 2.3 ISI/kPa

(0.3 IS/mmHg). ISI is close to ml/100 g/min and can
therefore be compared to the normal CO, response of
10.6 ml/100 g/kPa (1.4 ml/100 g/mmHg) in the non-trau-
matized brain, measured by the same method [3]. The low
CO, response found in this study is in accordance with a
severe brain injury in these patients [6, 7, 16].

Hypocapnia reduced the intracerebral volume, seen as a
decrease in ICP. This effect reasonably reflects a reduction
in the cerebral blood volume (CBV). A distinctive con-
tractile effect was not found in the cerebral arteries as the
CO,—CBF response was low, implying that the ICP low-
ering effect could be due to a contraction of the capacitance
vessels. A diverse effect is normally found in the non-
traumatized brain. The effect of hypercapnia on the arterial
side (CBF) is more pronounced than on the venous side,
seen in the fact that lowering the pCO, reduces CBF more
than it reduces the CBV [3, 17]. Hyperventilation has
previously been described to profoundly decrease CBF,
sometimes without a fall in ICP in brain trauma patients
[18]. This discrepancy could be due to a different ICP
between investigations. The volume change necessary to
reduce ICP is much smaller when ICP is high, as in the
current study patients with a mean ICP of 20 mmHg. In
addition, the ICP-transducer was calibrated at the forehead
level, thereby underestimating ICP by 5-7 mmHg. A minor
and nonsignificant increase in MAP was found as an effect
of the hyperventilation. This small increase in MAP toge-
ther with the significant fall in ICP resulted in a significant
increase in CPP. A direct and strong correlation between
CPP and CBF was found, implying that cerebrovascular
autoregulation was impaired in these patients. Such
impairment in severe brain traumatized patients was in fact
what could be expected and confirmed the severe magni-
tude of the brain injury in these patients [16, 19, 20]. In the
present study, there was a correlation between the CBF and
the mFV in MCA and ICA at normocapnia. This rela-
tionship, even though weak, is remarkable considering the
large variance in CBF and mFV values. Considering the
corresponding CBF-mFV values, the mFV cannot sub-
stitute the CBF in the single patient (Fig. 1); a fact that has
previously been established for SAH patients [10], for
brain trauma patients [21] and for different brain patholo-
gies [22].

Compared to the slight attenuation in CBF due to
hyperventilation, the fall in mFV was significant with a
response of 10 cm/s/kPa (1.3 cm/s/mmHg). In general,
responsiveness to CO, is detected with TCD in brain
traumatized patients [23]. The discrepancy, with a more
pronounced effect on the flow velocity than on the CBF,
has previously been reported in patients with SAH [10] but
a weaker relationship was generally found between these
two parameters in patients with different brain patholo-
gies [22, 24]. In fact, a straightforward CO, response
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relationship between CBF and mFV was not found even in
normal brains, although the correlation was better com-
pared with the patients with brain pathologies [24]. The
CO, response in patients with subarachnoid hemorrhage
was 13 cm/s/kPa (1.9 cm/s/mmHg) compared to the nor-
mal 11 cm/s/kPa (1.4 cm/s/mmHg) [24]. In brain trauma
patients, a change in mFV due to a change in CO, is
generally found [25, 26]. The CO, response when com-
paring brain pathologies and normal brains is numerically
diminutive and therefore not logical to use as a measure of
an impaired CO, response. No correlation was found
between % change in mFv and CBF and % change in CO,,
suggesting that CBF and mFV is not directly inter-
changeable. Thus, with the present application, CBF and
mFV was not compatible in determining CO,-responsive-
ness in brain trauma patients. The CO,-response
measured with CBF and the correlation to severity of
the brain trauma and outcome has, as described earlier,
been established [6, 16]. In this respect, impaired cerebral
autoregulation measured with TCD did not correlate to
outcome [27] even though the absolute mFv measured after
admission could be promising [28].

In conclusion, hyperventilation was associated with a
nonsignificant decrease of the CBF but a significant
decrease of the mFV. Relationships of individual reactivity
indices between the two parameters could not be estab-
lished and CBF and mFV are therefore not interchangeable
in patients with severe brain trauma.
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